Human microRNAs (miRs) have been implicated in human diseases presumably through the downregulation and silencing of targeted genes via post-translational modifications. However, their role in the early stage of coronary atherosclerosis is not known. The aim of this study was to test the hypothesis that patients with early atherosclerosis and coronary endothelial dysfunction (CED) have alterations in transcoronary miR gradients. Patients underwent coronary angiography and endothelial function testing in the cardiac catheterization laboratory. Patients were divided into abnormal (n = 26) and normal (n = 22) microvascular coronary endothelial function based on intracoronary response to infused acetylcholine measured as a percent change in coronary blood flow (CBF) and arterial diameter. Blood samples were obtained simultaneously from the aorta and coronary sinus at the time of catheterization for RNA isolation, and miR subsequently assessed. Baseline characteristics were similar in both groups. Patients with microvascular CED displayed transcoronary gradients significantly elevated in miR-92a and miR-133 normalized to C-elegans-39 miR. Percent change in CBF and the transcoronary gradient of miR-133 displayed a significant inverse correlation (r 2 = 0.11, p = 0.03). Thus, we present novel data whereupon selected miRs demonstrate elevated transcoronary gradients in patients with microvascular CED. The current findings support further studies on the mechanistic role of miRs in coronary atherosclerosis and in humans.
Introduction
Human microRNAs (miRs) comprise a large collection of small non-coding RNAs (17-22 nucleotides) responsible for modification of post-translational gene expression by promoting degradation or repressing translation of coding mRNAs [1] . These diminutive nucleotides present a very small fraction of tissue and blood content (approximately 0.5%) [2] , which is altered in patients with malignancy [3] , coronary heart disease (CHD) [4, 5] , and acute kidney injury [6] . Initial work highlighted the cardiovascular importance of miRs as decreased levels of the miR processing enzyme, Dicer, causes dysfunctional angiogenesis and cardiovascular development [7] . Several miRs have been implicated in regulating cardiovascular structure and function. miR-17, miR92a, and miR-126 have typically been described in an endothelialrelated cluster, whereby miR-17 and miR-92a have typically been considered as attenuating endothelial function or angiogenesis [8, 9] , and miR-126 thought to be atheroprotective [10, 11] as well as pro-angiogenic [12] . miR-34 is upregulated in the bone marrow derived mononuclear cells in patients with ACS [13] . miR-133 and miR-208 converge around structures pertaining to myocardial tissue albeit with opposite effects on cardiac hypertrophy, as miR-133 yields both anti-fibrotic and anti-hypertrophic effects [14] , whereas overexpression of miR-208 is pro-hypertrophic [15] . miR-21 has recently been found to be protective in an ischemicreperfusion model through anti-apoptotic means [16] . miR-181 is thought to be atheroprotective by inhibiting LDL oxidation [17] , and miR-221 and miR-221 have atherogenic potential in smooth muscle cells [18] with anti-atherogenic potential along the endothelium [19] . Finally, miR-145 is thought to be critical in myocardin-induced smooth muscle cell differentiation [20] , and miR-155 has been associated with macrophage activation and increased atherosclerotic burden [21] .
A recent study uncovered an association between a series of miRs specific to the myocardium (miR-133a, miR-208a), the vasculature (miR-17, miR-92a, miR-126), inflammatory cells (miR-145), smooth muscle and (miR-155) and the presence of stable CHD [22] . In particular, an absolute and relative decrease in endothelial-related miRs (miR-17, miR-92a, miR-126), smooth muscle miR (miR-145), and inflammatory cell-mediated miR (miR-155) with a converse increase in miR-133a and miR-208a (myocardial-associated miRs) was observed in patients with stable CHD [22] . On the other hand, in patients with active acute coronary syndromes (ACS) miR-133a and miR-208a (myocardial miRs), miR-126 and miR-92a (endothelial), and miR-155 (inflammatory cell) levels were all found to be increased in aortic blood samples (miR-133a, miR-208a also increased in coronary sinus samples), with increased transcoronary gradient of miR-133 and trends toward negative gradients of miR-92a and miR-126 [23] .
Coronary endothelial dysfunction (CED) is regarded as the earliest stage of coronary atherosclerosis, responsible for increased cardiovascular morbidity and mortality [24, 25, 26, 27] . It can be detected via an inappropriate vasomotor response to physiologic or pharmacologic stress such as the endothelium-dependent vasodilation to acetylcholine (Ach) [24, 25] . Once atheromatous plaques develop, they are noted to be lipid-rich with oxidized LDL (Ox-LDL), inflammatory cells such as macrophages, and calcified necrotic cores all initiating and feeding a cycle of increased reactive oxygen species (ROS), inflammation, and apoptosis, which might progress to cause myocardial infarction [28] . As such, CED serves as an important barometer for cardiovascular health. However, it is unclear if endothelial, myocardial, or inflammatoryrelated miRs are altered within the coronary circulation in patients with early atherosclerosis.
The current study was therefore designed to test the hypothesis that patients with CED have variations in the transcoronary gradients of circulating coronary miRs.
Materials and Methods

Human subjects and recruitment
The Institutional Review Board of Mayo Foundation approved the study and all study subjects provided written, informed consent. The study was conducted in a manner similar to prior work in our lab [29, 30, 31] . A total of 48 patients undergoing coronary angiography and coronary endothelial function testing for clinical indications (referred to the catheterization laboratory for recurrent angina with or without a positive stress test) who met the criteria outlined below for inclusion into the two study groups were recruited. Patients with ACS (unstable angina or acute myocardial infarction), heart failure (ejection fraction ,50%), or severe renal or liver disease were excluded. The groups were classified as having normal microvascular or macrovascular endothelial function as assessed by intra-coronary Ach challenge (see below), n = 48; or patients with CED, defined by the absence of significant structural coronary lesions on angiography but with abnormal microvascular or macrovascular endothelial function, n = 26 and n = 9, respectively.
Study protocol/Hemodynamic measurements
Patients underwent a diagnostic coronary angiography using standard clinical protocols [29, 30, 31, 32] . Patients who met the inclusion criteria were studied and a 5 F multipurpose Amplatz left catheter was placed into the coronary sinus under radiographic guidance via a 7 F femoral vein access after the administration of 5000 units of heparin. The position of the catheter within the coronary sinus was verified by pressure transduction, contrast injection, and oxygen saturation [33, 34] . Blood (20 mL) was drawn simultaneously from both the aortic and coronary venus sinus (CVS) catheters and the coronary guide at the left main coronary artery along with peripheral blood samples used for additional biochemical analyses [33, 34] . All subjects underwent assessment of endothelium-dependent coronary vasoreactivity, as previously described [30, 31] . In brief, 5000 units of heparin were given intravenously and a Doppler guidewire (Flowire, Volcano Inc.) within a coronary-infusion catheter (Ultrafuse, SciMed Life System) positioned into the mid-portion of the left anterior descending coronary artery. Ach at increasing concentrations (10 26 to 10 24 M) was infused into the left anterior descending coronary artery to assess endothelium-dependent vasoreactivity. Hemodynamic data, Doppler measurements, and a coronary angiogram were obtained after each infusion. An independent investigator measured coronary artery diameter (CAD) in the segment 5 mm distal to the tip of the Doppler wire using a computer-based image analysis system, as well as 5 mm proximal and distal to the velocity probe. Average peak velocity (APV) derived from the Doppler flow velocity spectra and coronary blood flow (CBF) was determined as p(coronary artery diameter/2) 2 6 (APV/2). As previously described, microvascular endothelial dysfunction was defined as an increase in CBF of ,50% and epicardial endothelial dysfunction as a decrease in epicardial coronary artery diameter of more than 20% in response to the maximal dose of ACh (10 24 M) [35] . The study population was stratified by both coronary microvascular and epicardial vessel function. Endothelium-independent microvascular function was determined by the coronary flow reserve (CFR), which is the ratio of the APV at maximal hyperemia [induced by intracoronary adenosine (24-60 mg)] to the APV at baseline [36] .
MicroRNA Quantification
MicroRNA levels were determined in a fashion similar to that described previously [22, 23] . Briefly, total RNA was extracted and isolated from the serum using a commercially available kit (Qiagen) according to the manufacturer's instructions. Reverse transcription was then performed using the previously obtained RNA (TaqMan miRNA reverse transcription kit, Invitrogen). Polymerase chain reaction was then undertaken with a reaction volume of 20 ml and the TaqMAN miRNA assay kit according to manufacturer's instructions for each miR (Invitrogen). miRs studied included miR-17, miR-92a, miR-126, miR-34, miR181b, miR-221, miR-222 (endothelium related), miR-208, 133 (myocardium related), miR-21, miR-145 (vascular smooth muscle related), and miR-155 (Inflammatory cell related). miR quantification was performed using the delta-Cp technique (Roche) with c-elegans-39 serving as the internal standard [37] . Standard curves were obtained for miR-92a, miR-126, miR-181b, miR-221, and miR-222. Absolute Cp counts were used to calculate delta-Cp relative quantifications for both aortic and CVS samples. Transcoronary gradients were calculated as the difference between relative, delta-Cp quantifications between the CVS and aortic samples (CVS-Ao).
Biochemical assays
Biochemical assays of systemic surrogate markers of CHD were performed as previously described [29] . Serum lipids were measured using enzymatic colorimetry and LDL cholesterol calculated from these parameters. Hemoglobin A1c was measured using ion-exchange high performance chromatography (BIO-RAD Variant II Turbo Hemoglobin A1c program, Hercules, CA, USA). Free insulin levels were measured by an automated chemiluminescent immunoenzymatic assay (ACCESS, BeckmanCoulter Inc., Fullerton, CA, USA). High sensitivity C-reactive protein (hs-CRP) levels were measured using a latex particleenhanced immunoturbidemetric assay on a Hitachi 912 automated analyser. Serum creatinine was measured as described before [36] .
Statistical analyses
Data was expressed as mean 6SD where normally distributed. Baseline comparisons were made by way of student's t-test for continuous data or Fischer's Exact Comparison for binary measures. Comparison of different groups was performed by one-way ANOVA or Spearman's correlation with the ANOVA tests followed by post hoc tests for parametric and nonparametric distribution. Comparisons between the two groups were made by Student's t-test for normally distributed data or by Wilcoxon signed rank test for non-normally distributed data. A value of P, 0.05 was considered significant. Correlations between specific miRs and systemic levels or surrogate markers for CHD were analyzed by multivariate analysis and reported as Spearman's correlation coefficients.
Results
Among patients who underwent coronary endothelial testing (n = 48), there were few differences in baseline data between those with and without microvascular endothelial dysfunction (Tables 1  and 2 ) including increased prevalence of hyperlipidemia and baseline vitamin B12 levels in patients with normal endothelial function.
Mean aortic miR levels were significantly reduced, after normalization using the delta-CP method, in miR-92a ( (Table 3) , coronary sinus (Table 4) , and transcoronary gradients and surrogate markers for CHD found in serum blood draws such as hemoglobin, leukocytes, platelets, total cholesterol, LDL-cholesterol, triglycerides, hs-CRP, and vitamin B12 (miR-21 (p = 0.02), miR-92a (p = 0.02), miR-126 (p = 0.02), miR-133 (p = 0.03), and miR-155 (p = 0.003); (Table 5) .
Discussion
The current studies demonstrate that patients with early coronary atherosclerosis manifested by coronary endothelial dysfunction (CED) are characterized by, predominantly, elevated transcoronary gradients of endothelial and myocardial miR levels (miR-92a and miR-133, respectively). The levels of specific miRs were elevated in the coronary sinus compared to the left main coronary artery indicating a net release of the miRs within the coronary circulation. Furthermore, transcoronary gradients are evident early in atherosclerotic coronary disease, and with correlations of certain miRs with surrogate markers of CVD such as total cholesterol, LDL-cholesterol, triglycerides, vitamin B12, and hs-CRP. Based on these data circulating levels miR-92a and miR-133 could serve as surrogate markers for early coronary atherosclerosis. Thus, endothelial, myocardial, inflammatory, and smooth muscle related miRs might play a role within the coronary circulation in CED, an early stage of overt atherosclerotic coronary disease.
Our results provide an extension to previous data which show elevated transcoronary gradients of certain miRs in the setting of ACS [22, 23] , yet advances this notion by demonstrating that the net release across the coronary circulation of these posttranslational modifiers of endothelial function and myocardial remodeling occur early in the disease process. The presence of near ubiquitous elevations on transcoronary miR gradients indicates a production of such genomic suppressors associated with CED within the coronary circulation and may contribute the progression and complications of coronary artery disease.
Notably, these data show a significantly positive transcoronary gradient for miR-92a, indicating its net release from the coronary circulation (Figure 1c ). Prior work in stable CHD has shown a reduction in miR-92a levels compared to controls [22] , and even upregulation in miR-92a in the systemic circulation, resulting in a negative transcoronary gradient, in the setting of ACS [23] . On the other hand, previous in-vitro studies demonstrated that inhibiting miR-92a tends to improve endothelial function and repair [38] as well as angiogenesis and endothelial cell migration [8, 39] . Our current study is in accord with these latter observations, and a significantly elevated transcoronary gradient of miR-92a may indicate a release into the coronary circulation either causing, or as a result of, endothelial damage. Thus, our in vivo data from a population with early CHD offers an interesting glimpse into the transitional stage of CED between normal endothelial function and CHD, as well as a probable role for miR92a in the progression, complications and potential therapeutic target for coronary artery disease. The other miR that showed a significantly elevated gradient, miR-133, is thought to be protective and anti-fibrotic in smooth muscle [14] and is elevated in patients with coronary atherosclerosis [22] . Similar to our results, a study in patients with ACS has found a positive transcoronary gradient of miR-133 [18] . Our current study, furthermore, demonstrates a correlation between transcoronary gradient of miR-133 and the percent change in CBF with implications for myocardial ischemia dynamics. It may be speculated that in patients with myocardial injury and continual low-grade ischemia, there is a compensatory anti-fibrotic and myocardial protective process ongoing as the overabundance of miR-133 spills into the coronary circulation; alternatively miR-133 may serve a signal to the anti-ischemic process [40] secondary to the impaired tissue perfusion. These changes have been thought to occur through either a hypoxia-induced MAPK pathway [14] or possibly an anti-apoptotic, Bcl-2/Bax pathway which is initiated by inhibiting Caspase-9 directly [40] . The current study emphasizes the importance of identifying and treating early coronary disease to prevent myocardial damage and further dysfunction.
Controversy exists regarding whether the miR levels are altered or stay relatively stable with CHD. While Fichtlscherer et al. initially showed significant reductions in most absolute and relative endothelial-related miR levels (miR-17, miR-92a, and miR-126) with increases in myocardial and inflammatory-related miRs (miR-133, miR-145, and miR-155) in patients with stable CHD [22] , De Rosa et al. showed little to no change in miR levels with stable CAD, but marked increases and decreases in some miR levels with ACS [23] . This group also showed increased transcoronary gradients in patients experiencing active ACS in muscle-enriched miRs, but not in vascular and cell-mediated miRs only. Our observation of a trend toward ubiquitous increases in miR transcoronary gradients in patients with early atherosclerosis is likely due to the stable nature of the participants very early in the disease process. Thus, it is likely that the positive transcoronary gradient of endothelial and anti-fibrotic miRs (miR-92a and miR-133), which may potentially become negative during ACS [23] , could reflect a protective retention during ACS. Consequently, these elevated transcoronary gradients are present in patients without overt CHD but with endothelial dysfunction likely owing to chronic, ongoing inflammation and tissue damage.
Mechanistically, it is hard to delineate the temporal evolution of miRs from normal patients to those with microvascular CED, macrovascular CED, or even frank CHD as they change throughout the disease process. Likely, specific miRs have a protective effect on the coronary endothelium, and their reduction secondary to environmental stressors such as hypoxia, inflammatory mediators, or reactive oxygen species could lead to the development of atheromatous plaques [41] . This work also shows significant correlations between certain miR levels in both aortic and CVS samples as well as transcoronary gradients with surrogate markers of CHD such as monocytes, lymphocytes, platelets, lipids, glucose, LP(a), and hsCRP (Tables 325). These data show that certain surrogate markers of CHD -typically associated with deleterious changes in CED -are correlated with miRs in patients with a relatively low Framingham Risk Score (median = 2%). Significant associations between miR-92a and total as well as LDL-cholesterol point to a logical correlation between substances known to be harmful to the endothelium Table 2 . Surrogate markers for coronary heart disease (CHD) shown divided between those with endothelial dysfunction and those without. (lipids) and miRs thought to be deleterious to endothelial health. A positive association between the miR-145 gradient and hsCRP coupled with the positive association between monocytes and miR-145 CVS levels could signal an ongoing cell-mediated inflammatory process within the vascular smooth muscle of the coronary circulation. While confounders can easily mar miR research, our results indicate that there were no statistical differences in medication profiles between the two different endothelial function groups. We also found no differences in the results when groups were stratified by aspirin use -a common potential confounder [42] . Moreover, the samples were all handled in a similar fashion reducing the room for confounders associated with laboratory protocols. These data, and others, point to an ongoing inflammatory process within the coronary circulation clearly involving these miRs in the process in this relatively low-risk population. Interestingly, there was a significant reduction in vitamin B12 levels in those with endothelial dysfunction (Table 2) , however adjustment for these data made no impact on the overall results. While these findings might be hypothesis generating, there is no established biologic mechanism which could plausibly explain these finding. Nevertheless, these inflammatory processes and concomitantly dynamic miRs provides a potential link between the primary known consequence of vascular inflammation -endothelial dysfunction [33] . In summary, we report significantly elevated transcoronary gradients of miR-92a and miR-133 in patients without early coronary atherosclerosis and demonstrated coronary microvascular endothelial dysfunction. These results indicate a production of such miRs within the coronary circulation, either as a passive byproduct or an active contributor to such a process. This work establishes the role for alterations in miR profiles in those with early atherosclerosis and endothelial dysfunction at high risk for future CHD and the consequences thereof. Table 3 . Associations between aortic miR levels and surrogate markers of cardiovascular disease. Table 4 . Associations between coronary sinus miR levels and surrogate markers of cardiovascular disease. Table 5 . Associations between miR transcoronary gradients and surrogate markers of cardiovascular disease. 
